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Entry into meiosis is a key developmental deci-
sion.Weshowhere thatmeiotic entry inSaccha-
romyces cerevisiae is controlled by antisense-
mediated regulation of IME4, a gene required
for initiatingmeiosis. InMAT a/adiploids the an-
tisense IME4 transcript is repressed by binding
of the a1/a2 heterodimer at a conserved site lo-
cated downstream of the IME4 coding se-
quence. MAT a/a diploids that produce IME4
antisense transcript have diminished sense
transcription and fail to initiate meiosis. Hap-
loids that produce the sense transcript have di-
minished antisense transcription and manifest
several diploid phenotypes. Our data are con-
sistent with transcription interference as a
regulatory mechanism at the IME4 locus that
determines cell fate.
INTRODUCTION
Noncoding RNA species have been implicated in the reg-
ulation of development, cell death, and cell differentiation
(Brantl, 2002). In many organisms, noncoding RNAs
(miRNA and siRNA) affect gene expression by a well-con-
served process called RNA interference or RNAi (Lau and
Bartel, 2003; Ma et al., 2003). Although miRNAs, siRNAs,
and the accompanying metabolic machinery for their pro-
cessing are found in many eukaryotes, all vestiges of this
system are absent from Saccharomyces cerevisiae.
Noncoding RNAs have been detected in the transcrip-
tome of S. cerevisiae (David et al., 2006, Samanta et al.,
2006), but little is known about their function. The only non-
codingRNA inS. cerevisiaewith a known function isSRG1,
which is transcribed from the intergenic region upstreamof
the SER3 promoter. SRG1 transcription interferes with
binding of activators to the SER3 promoter, thus repres-
sing SER3 transcription (Martens et al., 2004; Martens
et al., 2005). This regulation occurs incis, asSRG1 is a non-
coding RNA transcribed from the same strand as SER3
and has no homology to its target. This mechanism is inCsharp contrast to either RNAi in other eukaryotes (Ambros
et al., 2003) or RNA OUT in other prokaryotes (Kleckner,
1990; Simons and Kleckner, 1983), which occur in trans.
The key developmental event inS. cerevisiae, the switch
from mitotic (vegetative) growth to meiosis, is thought to
be under the control of proteins, not RNA. Haploid cells
of opposite mating type (MAT a and MAT a) mate to pro-
duceMAT a/a diploid cells. In these diploids, haploid func-
tions are repressed by the a1/a2 protein heterodimer. Un-
der the appropriate nutritional conditions, a diploid cell
ceases cell division (vegetative growth) and enters the
meiotic cell cycle to produce the four haploid meiotic
products. Entry of the diploid into meiosis requires the
function of a number of genes including the IME genes (Ini-
tiator of Meiosis). One of the IME genes required by MAT
a/a diploids to initiate meiosis is IME4 (Initiator ofMeiosis
4), a putative RNA methyltransferase (Clancy et al., 2002).
IME4 transcription is induced during starvation conditions
that are conducive to entry into meiosis in MAT a/a cells
(Shah and Clancy, 1992).
Here we show that IME4 transcription and subsequent
entry into meiosis is controlled by antisense transcription
of the IME4 gene itself. Sense and antisense transcription
is cell-type specific: haploids produce IME4 antisense
RNA, whereas MAT a/a diploids produce IME4 sense
RNA. By modulating transcription from either direction,
we have found that these transcripts inhibit one another
in cis but not in trans. Our data are consistent with tran-
scription interference, in which high levels of transcription
from the strand with the stronger promoter effectively re-
duces incoming transcription from the complementary
strand. The strength of the promoter driving either sense
or antisense transcription from the IME4 locus is cell-
type specific. Consequently, IME4 sense transcription de-
termines a cell-type capable ofmeiosis, whereas IME4 an-
tisense transcription determines a cell-type incapable of
meiosis.
RESULTS
The IME4 Locus Produces Two Different Transcripts
According to Cell Type
Northern analyses using a probe for the IME4 locus show
that haploids and diploids produce transcripts of differentell 127, 735–745, November 17, 2006 ª2006 Elsevier Inc. 735
Figure 1. The IME4 Gene Produces Two Different Transcripts According to Cell Type
(A) IME4 produces transcripts of different lengths according to cell type: northern blot using a dsDNA probe specific to the IME4 gene (upper panel).
The blot was subsequently probed against TPI1 as loading control (lower panel). A 1 KbRNA ladder run in the gel used for blotting is shown on the right
to indicate relative RNA sizes of the IME4 transcripts. Strains are as follows: 1, MAT a/a; 2, MAT a; 3, MAT a/a IME4-Bam/IME4-Bam.
(B) Cell-type specific sense or antisense transcription of the IME4 gene: northern blot using an ssDNA probe ‘‘IME4 sense’’ complementary to the
shorter (sense) IME4 RNA species (upper panel) or an ssDNA probe ‘‘IME4 antisense’’ complementary to the longer (antisense) IME4 RNA species.
The blots were subsequently probed against TPI1 as loading control. Strains are as follows: 1,MAT a/a; 2,MAT a; 3,MAT a; 4,MAT a/a; 5,MAT a/a; 6,
MAT a/a ime4D/ime4D.
(C) Mutation of the a1/a2 binding site allows antisense transcription inMAT a/a diploids. Northern blot transcriptional analyses using dsDNA probes is
shown. In the upper panel, both IME4 RNA species detected are marked with asterisks (*). In the lower panel, only antisense IME4 is detected. The
blots were subsequently probed against TPI1 as loading control. Strains are as follows: 1,MAT a/a ime4D/ime4D; 2,MAT a/a IME4/ime4D; 3,MAT a/
a IME4/IME4-Bam; 4, MAT a/a IME4-Bam/IME4-Bam.
(D) Diagram representing the IME4 locus and the orientation of the sense (arrow pointing towards the right) and antisense (arrow pointing towards the
left) IME4 transcripts.length during vegetative growth (Figure 1A). Cloning and
sequencing cDNA of these transcripts from either MAT
a/a diploids or haploid cells established the 50 and 30
ends from each cell type. Both transcripts are polyadeny-
lated at their 30 termini. The longer transcript produced by
haploid cells (2272 nucleotides from the major 50 end) is
encoded by the antisense strand and overlaps the region
encoding the entire IME4 (protein coding or ‘‘sense’’) tran-
script (1862 nucleotides from the major 50 end). The anti-
sense transcript has one major and four minor start sites
located in a region between 10 and 92 nucleotides down-
stream of the 30 untranslated region (UTR) of IME4. The 30
end of the antisense transcript is found 400 nucleotides
upstream of the 50 UTR of IME4 (Figure 1D). In agreement
with this analysis, a probe to the 30 end of the antisense
transcript detects only that transcript and not the sense
transcript (Figure 1C, bottom panel). We have not de-
tected any smaller RNA species that would indicate fur-
ther processing of these transcripts as it occurs in RNAi
(Figure S7). Furthermore, the sense transcript is depen-
dent upon theMAT a/a heterozygosity and not ploidy be-
cause the MAT homozygous diploids (a/a and a/a) pro-
duce only the antisense transcript (Figure 1B, lanes 4736 Cell 127, 735–745, November 17, 2006 ª2006 Elsevier Inc.and 5). A detailed genotypic description of all strains
used in this study can be found in Table 2.
To support the designation of sense and antisense for
these cell-type specific transcripts encoded by the IME4
locus, we used strand-specific end-labeled oligonucleo-
tides complementary to the IME4 open reading frame
(ORF) to probe northern blots. The strand-specific probes
show that the shortest transcript hybridizes only to the
sense-specific probe and is present only in MAT a/a dip-
loids (Figure 1B, lane 1), whereas the longer transcript hy-
bridizes only to the antisense-specific probe and is only
present in haploid cells, both a and a, and in MAT homo-
zygous (a/a and a/a) diploids (Figure 1B, lanes 2–5). As
controls for nonspecific hybridization either MAT a
ime4D or MAT a ime4D haploids or a MAT a/a ime4D/
ime4D diploid strain were used in all the northern blots.
The IME4 Antisense Transcript Is Regulated
by the a1/a2 Heterodimer
A binding site for the a1/a2 heterodimer downstream of
the IME4 ORF is conserved in the same position relative
to IME4 in several evolutionarily related strains of Saccha-
romyces (Galgoczy et al., 2004). The position of this site
Figure 2. Mutation of the Conserved a1/a2 Binding Site Located Downstream of the IME4 ORF Stop Results in Loss of a1/a2
Binding
(A) The a1/a2 binding site mutation that creates a BamHI restriction site (IME4-Bam allele, see Experimental Procedures).
(B) ChIP analysis showing significant loss of binding of the a1/a2 heterodimer to the mutated site. WT-U,MAT a/a ‘‘untagged’’ diploid used as back-
ground control; WT-T, MAT a/a a1::myc9::TRP1 ‘‘tagged’’ diploid; Bam/Bam-T, MAT a/a IME4-Bam/IME4-Bam a1::myc9::TRP1 ‘‘tagged’’ diploid.
IME4 a1/a2 denotes the PCR product that results from amplification of a 250 bp region containing the IME4 a1/a2 site in its middle. ‘‘Control’’ is
a 150 bp product that amplifies a region devoid of ORFs from chromosome VIII of S. cerevisiae. GPA1 a1/a2 identifies the PCR product that results
from amplification of a 320 bp product containing the GPA1 a1/a2 site in its middle and it is used as positive control in this experiment. All PCR re-
actions were performed with the addition of radioactive dCTP for quantitation.
(C) Histogram representing the average enrichment ratios (with standard deviations) of the immunoprecipitated fractions relative to whole cell extracts
(WCE) for the three strains mentioned in (B). The values are average of four independent experiments. T= a1::Myc9 tagged; U= a1 untagged.and the mating-type dependence of sense/antisense
IME4 transcription suggest that the cell-type-specific
transcription could be controlled by the binding of a1/a2
to this site. According to this model, a1/a2 would repress
the transcription of the antisense in a/a diploids to allow
sense IME4 expression. Conversely, haploid cells should
constitutively express the antisense as they are devoid
of a1/a2 heterodimers.
To test this model, we engineered a mutation in the thy-
mine-rich core of the conserved a1/a2 site to create a GC-
rich BamHI site (IME4-Bam). Similar mutations in other
conserved a1/a2 binding sites found in a1/a2-controlled
genes have been shown to reduce a1/a2 binding to 20%
of wild-type (Jin et al., 1999). The IME4-Bammutation sig-
nificantly diminishes binding of the a1/a2 heterodimer as
assayed by chromatin immunoprecipitation (ChIP) (Fig-
ures 2B and 2C). We also performed ChIP over theCa1/a2 binding region of the GPA1 promoter, a haploid-
specific gene known to be directly repressed by the a1/
a2 heterodimer in diploid cells (Brem et al., 2005; Miyajima
et al., 1987). As shown in Figure 2, ChIP at GPA1 a1/a2
binding site is identical for both MAT a/a wild-type and
MAT a/a IME4-Bam/IME4-Bam mutant, which confirms
that a1/a2 binding is not diminished for other genes.
The significant reduction of a1/a2 binding downstream
of IME4 strongly correlates with the transcriptional profile
of thesemutants. As predicted by themodel, homozygous
MAT a/a diploids carrying this IME4-Bam mutation and
grown vegetatively transcribe antisense IME4 and show
no detectable levels of IME4 sense transcript by northern
analysis (Figure 1A, lane 3 and Figure 1C, lane 4). Se-
quencing of cDNAs produced from these transcripts
shows that the antisense IME4 transcript present in
MAT a/a IME4-Bam/IME4-Bam diploids is identical inell 127, 735–745, November 17, 2006 ª2006 Elsevier Inc. 737
sequence and length to that produced by haploid strains
(Figure 1A, compare lanes 2 and 3). Thus, binding of a1/
a2 represses transcription of antisense IME4 in MAT a/a
diploids.
To repress haploid antisense transcription, we con-
structed MAT a/a haploids by genomic integration of the
gene that encodes the opposite mating type into an other-
wise haploid cell to allow production of the a1/a2 hetero-
dimeric repressor. MAT a/a haploids have significant re-
pression of antisense transcription as expected by
repression of a1/a2 binding (Figure S6). In addition, these
MAT a/a haploid cells transcribe detectable levels of IME4
sense and induce IME4 sense in meiosis-inducing me-
dium (Figure S6).
Diploid a/a Cells that Transcribe IME4 Antisense
Display Haploid-like Phenotypes
Our data show that transcription of the antisense RNA in
diploids effectively reduces IME4 sense mRNA synthesis,
which is required for entry into meiosis from themitotic cy-
cle. In the absence of sense IME4 transcript,MAT a/a dip-
loids homozygous for the IME4-Bammutation (Figure 1A,
lane 3 and Figure 1C, lane 4) should be unable to switch
from the mitotic to the meiotic cycle. As shown in Table
1, MAT a/a IME4-Bam homozygous diploids are severely
impaired in meiotic spore formation. Moreover, these dip-
loids showenhanced adherence to agar, which is a pheno-
type similar to that displayed by haploid cells (Figure 3). As
MAT a/a ime4D/ime4D diploids show phenotypes similar
Figure 3. Loss of IME4 Sense Transcription by Expression of
IME4 Antisense RNA Results in Increased Agar Adhesion of
MAT a/a Diploid Strains
Agar-adhesion assays were performed as explained in Experimental
Procedures. Briefly, yeast patches of the strains indicated were grown
in rich media (YPD) plates for 2 days at 30C and photographed before
(upper and lower panels on the left) and after (‘‘Washed,’’ upper and
lower panels on the right) rinsing themextensively under runningwater.
See Table 2 for complete genotypes of strains used in the assay. Hap-
loid cells are the positive controls and flo11D cells are the negative
controls.738 Cell 127, 735–745, November 17, 2006 ª2006 Elsevier Inc.toMAT a/a IME4-Bam homozygotes (Figure 3 and Table 1),
these phenotypes are likely due to absence of Ime4 func-
tion rather than presence of antisense IME4.
One plausible explanation for the enhanced agar-ad-
herence phenotype displayed byMAT a/a IME4-Bam ho-
mozygotes comes from whole genome expression data
corroborated by quantitative PCR (Q-PCR) of MAT a/a
IME4-Bam/IME4-Bam versus MAT a/a wild-type (Fig-
ure S4). These experiments show that FLO11mRNA levels
are increased 4-fold in the mutant diploid. FLO11 expres-
sion is required for agar adhesion and known to be down-
regulated in normally nonadherent MAT a/a diploids
(Galitski et al., 1999; Halme et al., 2004; Madhani et al.,
1999; Palecek et al., 2000).
Antisense-Mediated IME4 Regulation Occurs in cis
To address the question of whether IME4 antisense tran-
scription interferes with sense transcription in cis or in
trans, we constructed a diploid strain heterozygous for
the IME4-Bam mutation and a wild-type copy of IME4
(MAT a/a IME4/ IME4-Bam). This heterozygote produces
both the sense and the antisense transcripts showing
that the antisense transcript does not act in trans to inhibit
sense transcription (Figure 1C, lane 3). The sense tran-
script is functional in this heterozygote because the MAT
a/a IME4/IME4-Bam heterozygote is still capable of ex-
pressing the diploid phenotype of meiotic sporulation, al-
beit at a reduced sporulation efficiency (Table 1). In addi-
tion, these diploids have an intermediate agar-adherence
phenotype (Figure 3). The sporulation and adherence
Table 1. MAT a/a Diploids that Artificially Express
Antisense IME4 Are Severely Impaired in Meiosis and
















Sporulation efficiency was measured as number of discern-
able structures bearing meiotic products using both DAPI-
staining fluorescencemicroscopy and DICmicroscopy. Num-
bers are averages of three independent observations for each
strain, in which a minimum of 200 cells were counted during
each observation. Cells were observed 4 days after being
transferred to sporulation media (1% potassium acetate)
from rich media (YPD) at a 23 108 cells/ml density. The adhe-
sion was scored relative to wild-type as described in Experi-
mental Procedures.
Figure 4. Sense/Antisense Transcription
Interference at IME4 Occurs in cis
(A) Diagram of the IME4-1-URA3-IME4-2-Bam
construct (Experimental Procedures). 1, dele-
tion of sequences upstream of 50 antisense
transcript but containing the 30 UTR of sense
transcript; 2, deletion of IME4 promoter; 3,
BamHI mutation of a1/a2 binding site. The
homologous chromosome carries an ime4D::
HIS3 allele (not shown).
(B) Antisense transcription interfereswith sense
transcription in cis. Northern analysis using
ssDNA probes complementary to the sense
(first panel) or antisense (third panel) IME4
RNA species. Strains are as follows: 1, MAT
a/a; .2, MAT a; 3, MAT a/a IME4-Bam/ime4D;
4, IME4-1-URA3-IME4-2-Bam/ime4D. Blots
were subsequently probed against TPI1 as
loading control (lower panels).
(C) Sense transcription interfereswith antisense transcription in cis. Northern analysis using a sense-specific ssDNAprobe (first panel) or an antisense-
specific dsDNA probe (third panel). The blots were subsequently probed for TPI1 as loading control. Strains are as follows: 1.MAT a/a; 2. MAT a/a
GAL1p-IME4/IME4 (glucose); 3.MAT a/a GAL1p-IME4/IME4 (galactose).phenotypes of the MAT a/a IME4/IME4-Bam strain are
similar to those displayed by MAT a/a IME4/ime4D mu-
tants (Table 1 and Figure 3), suggesting that the IME4-
Bam allele is phenotypically equivalent to an ime4D allele
and that it does not interfere with IME4 sense expression
from the IME4 wild-type allele present on the homologous
chromosome. In addition, the results show that dosage of
the sense transcript is important for full expression of the
diploid phenotypes.
Further support for a model in which the production of
the antisense RNA prevents expression of the sense
RNA in cis comes from data obtained from a strain de-
signed to express both the sense and the antisense tran-
scripts from nonoverlapping but adjacent sites on the
same chromosome. This cis but not overlapping arrange-
ment was achieved by constructing aMAT a/a strain car-
rying a duplication of the IME4 gene, one copy on each
side of URA3. The two copies of IME4 are engineered so
that only a sense transcript can be produced from IME4-
1 on one side of URA3 and only an antisense transcript
from IME4-2 on the other (Figure 4A). The homologous
chromosome in the diploid carries a complete deletion
of the IME4 ORF so that no IME4 transcripts can be orig-
inated from the homologous chromosome. These IME4
duplications produce both the sense and antisense tran-
scripts as assayed by hybridization of end-labeled oligo-
nucleotides on a northern blot (Figure 4B, lane 4). The
cloning and sequencing of the cDNA from the transcripts
produced by this nonoverlapping cis construct show
that both RNA species produced are consistent with the
expected sense and antisense transcripts of the engi-
neered loci (Figure S2). In agreement with this conclusion,
the IME4 gene duplication restores both sporulation and
agar-adhesion phenotypes to levels comparable to an
IME4/ime4D strain (Table 1).
A further test of whether transcription of IME4 sense in-
terferes with antisense transcription in cis or trans utilizedCa diploid that has a native IME4 gene on one homologue
and, on the other, a Gal1p-IME4 construct to induce tran-
scription of IME4 sense. These diploids are homozygous
for the MAT locus (MAT a/a) so that the native gene will
only transcribe antisense RNA (Figure 1B). As shown in
Figure 4C (see also Figure S3), even under inducing con-
ditions (growth in galactose) in which IME4 sense RNA is
expressed at very high levels (Figure 4C, lane 3, upper
panel), the antisense RNA from the homologous chromo-
some is transcribed (Figure 4C, lane 3, lower panel). These
data show that transcription interference occurs in cis.
Antisense Transcription Effectively Reduces
but Does Not Completely Abolish Sense
Transcription and Vice Versa
To determine the presence of low levels of RNA that could
fall below the detection threshold of northern analyses, we
used quantitative real-time PCR analyses (Q-PCR). The
primers for the reaction detect the 30 ends of antisense
cDNA or sense cDNA (specificity for each due to 30 biased
reverse transcription). This method gave increased sensi-
tivity due to the amplification step that permitted the de-
tection of very small amounts of sense or antisense
IME4 RNA. The Q-PCR data, like the northern analyses,
show that the predominant message in diploids during
vegetative growth is the IME4 sense transcript and, in
haploids, the antisense transcript (Figures 1 and 5). How-
ever, the increased sensitivity of Q-PCR made it possible
to detect low levels of antisense in diploids and low levels
of sense in haploids (Figure 5). This result was confirmed
using a tiling array of oligonucleotides homologous to ei-
ther sense or antisense transcripts (Figure S5). Thus, in
each cell type, there is a predominant transcript initiated
from the cell-type specific stronger promoter on one
strand of DNA and a minor transcript initiated from the
weaker promoter on the complementary strand. These re-
sults were corroborated by transcription run-on assaysell 127, 735–745, November 17, 2006 ª2006 Elsevier Inc. 739
Figure 5. Antisense Transcription Effec-
tively Reduces, but Does Not Completely
Abolish, Sense Transcription and Vice
Versa
Histogram showing the Q-PCR values using
antisense-specific or sense-specific primers
to amplify cDNA (normalized to ACT1 expres-
sion values using ACT1 primers) from MAT a/
a wild-type diploids or MAT a haploids grown
in rich medium (YPD, mitotic ‘‘vegetative’’
growth). Values are average of four indepen-
dent experiments (error bars are the standard
deviations of the mean values). As negative
control, a MAT a/a ime4D/ime4D strain was
used in these experiments and there were no
observable amplification results as values
were similar to values obtained with nontem-
plate controls, thus considered ‘‘noise’’ (data
not shown).performed in haploid andMAT a/a diploid cells (Figures S9
and S10). All of these experiments support a model of
transcription interference in which synthesis of the RNA
species transcribed from the stronger cell-type specific
promoter hinders transcription initiated from the weaker
promoter in cis.
Overexpression of the Sense IME4 Transcript
Interferes with Antisense Transcription and Confers
Diploid-like Phenotypes in Haploids
Our finding that antisense transcription interferes with
sense mRNA synthesis suggests that the level of anti-
sense transcription controls the level of sense transcrip-
tion. This relationship implies that increasing sense tran-
scription in haploids could effectively reduce antisense
transcription by the same mechanism. As no binding mo-
tifs for known transcriptional activators or repressors can
be found at the promoter region of IME4 based on pub-
lished literature and in silico searches (http://rulai.cshl.
edu/SCPD/), heterologous promoters were used to drive
IME4 sense transcription in haploids. Therefore, we con-
structed haploid strains in which the IME4 sense transcript
is driven by the GAL1 promoter or by the strong constitu-
tiveGPD promoter inserted at the IME4 promoter region in
the endogenous locus. As shown in Figures 6A and 6C, ei-
ther of these constructs, when expressed in haploids, is
able to induce high levels of the IME4 sense transcript.
Moreover, high-level expression of the sense transcript
in haploids reduces the level of antisense IME4 to levels
no longer detectable by northern analyses. This suppres-
sion of antisense in the haploid by strong heterologous
promoters is reflected in the TRO experiments (Figures
S9 and S10). These data demonstrate that promoter
strength for both sense and antisense is a crucial part of
the mechanism of transcription regulation at the IME4
locus.
Haploid strains expressing the sense transcript display
a reduced agar-adhesion phenotype (Figures 6B and 6D)
typical of diploids. Furthermore, haploid cells carrying the
GPDp-IME4 allele induce expression of IME2, a meiosis-740 Cell 127, 735–745, November 17, 2006 ª2006 Elsevier Inc.specific transcript whose appearance indicates commit-
ment to the meiotic program (Honigberg and Purnapatre,
2003; Purnapatre et al., 2005), after being switched from
rich media to meiosis-inducing media (Figure 6E). These
data indicate that the sense IME4 mRNA produced in
a haploid is functional, is able to bypass RME1 (haploid-
specific repressor ofmeiosis) (Honigberg and Purnapatre,
2003), and can initiate some of the transcriptional program
that typifies the early stages of meiosis (Figures 6E and
S7). In addition, transcription of IME4 sense in a haploid
cell induces the meiotic program to the point that haploid
cells form spores, the terminal step in the meiotic division
of diploid cells (Figure 6F).
DISCUSSION
Our data show that the transcription of high levels of full-
length sense and antisense transcripts at the IME4 locus
is mutually exclusive. Production of antisense RNA in
MAT a/a diploids interferes with diploid levels of sense
transcription and inhibits the ability of these diploid cells
to enter the meiotic cycle. Conversely, production of
sense RNA in haploids effectively reduces antisense tran-
scription and results in loss of agar adhesion and an abor-
tive entry into the meiotic cycle. It is this dual control (inhi-
bition of sense transcription in the haploid by constitutive
antisense transcription and inhibition of antisense tran-
scription in MAT a/a diploids by a1/a2 repression) that
confers the cell-type specificity. Taken together, our
data are consistent with transcription interference as the
mechanism that controls expression of these two RNA
species produced by the IME4 gene in a cell-type specific
manner.
The finding that entry into meiosis, the major develop-
mental event in S. cerevisiae, is controlled by an antisense
RNA raises the possibility that noncoding antisense RNAs
may play an important regulatory role in organisms that
lack miRNAs and siRNAs. Numerous antisense RNAs
have been found in the yeast transcriptome (David et al.,
2006; Samanta et al., 2006), but none has been associated
Figure 6. Haploids that Express IME4 Sense Display Phenotypes Characteristic of Diploid Cells
(A) Induced expression of IME4 sense effectively reduces antisense transcription in haploids. Northern blot transcriptional analysis of haploid cells
that overexpress IME4 sense when driven by the inducible GAL1 promoter. The IME4 probe is a dsDNA probe that hybridizes to both sense and an-
tisense IME4 RNA species. Blots were subsequently probed against TPI1 as a loading control. Strains are the following: 1,MAT a; 2,MAT a GAL1p-
IME4; 3,MAT aGAL1p-IME4 grown in YP-galactose; 4,MAT aGAL1p-IME4 gal80D (gal80Dmakes expression independent of galactose induction).
Strains were grown in YPD unless specified otherwise.
(B) Induced expression of IME4 sense in haploids results in reduced agar adhesion. Agar-adhesion assay was performed as described (Figure 3), but
YP-galactose plates were used instead of YPD plates. TheGAL1p-FLO11 strain used as a positive control has been described previously (Guo et al.,
2000).
(C) Constitutive expression of IME4 sense in haploids effectively reduces antisense transcription. Northern blot transcriptional analysis showing over-
expression of IME4 sense in haploid cells when driven by the constitutive GPD promoter is depicted. The IME4 probe is a dsDNA radioactive body-
labeled probe that hybridizes to both sense and antisense IME4RNA species. The blots were subsequently probed for TPI1 as loading control. Strains
are as follows: 1, MAT a/a; 2, MAT a; 3, MAT a GPDp-IME4.
(D) Constitutive expression of IME4 sense in haploids diminishes agar adhesion. Agar-adhesion assay was done as described previously (Guo et al.,
2000) using the strains indicated. ‘‘W’’ indicates that the picture was taken after washing the plate.
(E) Constitutive expression of IME4 sense in haploids combined with meiosis-inducing conditions initiates meiosis. Northern blot transcriptional anal-
ysis indicating induction of IME2, an indicator of initiation of the meiotic transcriptional program, is shown. The IME2 probe is a radioactive body-la-
beled dsDNA probe that hybridizes specifically to the IME2 transcript. Blots were subsequently hybridized to TPI1 as loading control. Strains are as
follows: 1 and 3,MAT a GPD-IME4; 2 and 4,MAT a/a. MIM indicates ‘‘meiosis-inducing media.’’ Of note, the induction of IME2 by haploids carrying
the GPD-IME4 allele is about half of that observed forMAT a/a diploid cells. This is due to the fact that haploid cells carry only one copy of the IME2
gene while diploid cells carry two copies.
(F) Overexpression of sense IME4 in haploids leads to meiosis upon nutritional starvation. Haploid cells carrying the GPD-IME4 allele were grown in
meiosis inducing media for 48 hs and then observed under the microscope. DAPI staining (left panel) or DIC (right panel) microscopy showed that
these haploids were undergoing meiosis: spore-like formations with a frequency of 5% or aberrant DNA partitioning with a frequency of 10%.
The arrow shows a representative cell. No such events were detected in wild-type haploid cells.with a function. A single noncoding RNA transcript pro-
duced from the same strand and upstream from an ORF
was found to control the expression of that ORF by oc-
cluding the ORF promoter (Martens et al., 2005).
Transcription interference refers to the suppressive in-
fluence of one transcriptional process, directly and in
cis, on a second transcriptional process (Shearwin et al.,
2005). Because transcription interference is likely to arise
in a highly compacted genome such as that of S. cerevi-Cesieae, most adjacent genes encoded in budding yeast
are not found in a ‘‘tail-to-tail’’ collision course arrange-
ment in those cases where both genes are expressed si-
multaneously (Shearwin et al., 2005). Moreover, artificial
constructs that contain two genes in a tail-to-tail arrange-
ment (allowing a potential collision of their transcripts) re-
sult in reduction of the transcription of both genes (Pre-
scott and Proudfoot, 2002). In this artificial construct
(GAL10-GAL7), both transcripts are driven by promotersll 127, 735–745, November 17, 2006 ª2006 Elsevier Inc. 741
Figure 7. Transcription Interference at
the IME4 Locus Determines Cell Fate Ac-
cording to Cell Type
IME4 antisense transcription is repressed in
MAT a/a diploids via binding of a1/a2 repres-
sor. Repression of antisense transcription is
required for IME4 sense transcription during
vegetative growth and for IME4 sense induc-
tion for entry into meiosis. Constitutive expres-
sion of antisense is observed in haploid cells
and MAT-homozygous (meiosis incompetent)
diploids. Increased antisense expression in
MAT a/a diploids interferes with sense tran-
scription and results in haploid-like phenotypes
in vegetative growth and failure to initiate
meiosis, while increased sense transcription
in haploids interferes with antisense transcrip-
tion and results in diploid-like phenotypes.of equivalent strength and both induced by galactose.
This interference likely explains why neighboring tran-
scriptional units in budding yeast are usually found diver-
gently transcribed or transcribed in tandem rather than in
a convergent orientation (Prescott and Proudfoot, 2002).
The IME4 locus uses what might otherwise be an
unfavorable arrangement of transcription units to create
a cell-type specific switch. In haploids, the antisense
IME4 transcript is the ‘‘default’’ transcript driven by
a strong promoter. To switch to IME4 sense transcription,
the constitutive antisense transcription needs to be re-
pressed. This repression is accomplished inMAT a/a dip-
loids by binding of the a1/a2 repressor, which blocks the
antisense and permits transcription from the weaker
IME4 sense promoter. Under appropriate nutritional con-
ditions, IME4 sense transcription can be induced to the
high levels required for diploid cells to switch from mitotic
to meiotic cell division. In haploids, constitutive antisense
transcription prevents sense transcription that could
cause inappropriate entry into an abortive meiosis under
nutritional conditions that induce meiosis in diploids. Our
results are consistent with a model in which transcription
interference at the IME4 locus determines cell fate (Fig-
ure 7): in haploids, the stronger constitutive transcription
of the IME4 antisense RNA interferes with transcription
of the sense RNA, resulting in antisense RNA being the
predominant RNA species in this cell type. InMAT a/a dip-
loids, competing antisense transcription is repressed by
a1/a2 heterodimer, allowing sense transcription to occur.
Because transcription interference occurs in cis, the
transcriptional outcome of the IME4 locus can be altered
by manipulating the expression of one of the transcripts
independently of cell type. For instance, IME4 sense tran-
scription in haploids can be achieved either by expression
of the a1/a2 heterodimer or by overexpression of IME4
sense transcript from a strong heterologous promoter, re-
sulting in undetectable levels of antisense IME4. Con-
versely, IME4 antisense transcription in MAT a/a diploids
can be obtained by preventing a1/a2 binding. Our data in-
dicate that promoter strength plays a crucial role in the742 Cell 127, 735–745, November 17, 2006 ª2006 Elsevier Inc.transcription interference mechanism operative at the
IME4 locus.
Many organisms that possess RNAi gene-silencing
mechanisms transcribe complementary sequences (anti-
sense) to the target mRNA; however, these sequences
are often encoded elsewhere in the genome and not by
the target gene itself. Moreover, RNAi requires further pro-
cessing of the antisense RNA, including base pairing to
form short hairpins of dsRNA and subsequent processing
into shorter sequences. There is no evidence that the latter
processes occur in antisense-mediated IME4 regulation.
Both sense and antisense RNAs are large and polyadeny-
lated at their 30 ends, indicating that both sense and anti-
sense transcripts are mature RNA species. Furthermore,
the regulatory antisense RNA is encoded by, and tran-
scribed from, the target gene itself. Binding of the a1/a2
repressor effectively reduces antisense transcription in
the MAT a/a diploid and allows transcription of IME4
sense and the phenotypes associated with IME4
expression.
Recent reports show that antisense transcripts (com-
plete or partial) from genes with sense ORFs can be de-
tected in mammalian transcriptomes (Katayama et al.,
2005; Kiyosawa et al., 2005; Yelin et al., 2003). Although
the function of these antisense RNAs is not known, it is
possible that some of these mammalian antisense RNAs
also regulate their sense counterparts by transcriptional
interference. In the case of IME4, the interference mecha-
nism requires an additional control switch provided by
heterozygosity at themating type locus (i.e., a1/a2) that fa-
vors the expression of one of the transcripts over the other
in the diploid cell. Proper function of that switch also
ensures that each cell type displays its phenotypic
characteristics. MAT a/a diploids that transcribe IME4
antisense behave like haploids while haploids that ex-
press IME4 sense behave like diploids. This mechanism,
control of sense/antisense transcription by a trans-acting
factor that regulates the antisense RNA, may provide
a useful model for differentiation of cell types in multicellu-
lar organisms.
Table 2. Strain Genotypes
L6445 S1278b MAT a/a ura3-52 his3D::hisg
leu2D::hisg
L6437 S1278b MAT a ura3-52 his3D::hisg
leu2D::hisg
L6438 S1278b MAT a/a ura3-52 his3D::hisg
leu2D::hisg
L6441 S1278b MAT a ura3-52 his3D::hisg
leu2D::hisg
L6442 S1278b MAT a/a ura3-52 his3D::hisg
leu2D::hisg
10480-5A S1278b MAT a ura3-52 trp1D::hisg
leu2D::hisg
10480-5B S1278b MAT a ura3-52 trp1D::hisg
leu2D::hisg
L6603 S1278b MAT a ura3-52 his3D::hisg
leu2D::hisg flo11D::LEU2
CHy1 S1278b MAT a/a ura3-52 his3D::hisg
leu2D::hisg IME4-Bam/IME4
CHy2 S1278b MAT a ura3-52 his3D::hisg
leu2D::hisg IME4-Bam
CHy3 S1278b MAT a ura3-52 his3D::hisg
leu2D::hisg IME4-Bam
CHy4 S1278b MAT a/a ura3-52 his3D::hisg
leu2D::hisg IME4-Bam/IME4-Bam
CHy5 S1278b MAT a ura3-52 his3D::hisg
leu2D::hisg ime4D::HIS3
CHy6 S1278b MAT a ura3-52 his3D::hisg
leu2D::hisg ime4D::HIS3
CHy7 S1278b MAT a/a ura3-52 his3D::hisg
leu2D::hisg ime4D::HIS3/IME4
CHy8 S1278b MAT a/a ura3-52 his3D::hisg
leu2D::hisg ime4D::HIS3/ime4D::HIS3
CHy9 S1278b MAT a/a ura3-52 trp1D::hisg
leu2D::hisg a1myc9::TRP1 IME4-Bam/
IME4-Bam
CHy10 S1278b MAT a/a ura3-52 trp1D::hisg
leu2D::hisg a1myc9::TRP1
CHy11 S1278b MAT a ura3-52 his3D::hisg
leu2D::hisg KANMX6::GAL1p-IME4
CHy12 S1278b MAT a ura3-52 his3D::hisg
leu2D::hisg KANMX6::GAL1p-IME4
gal80D::HIS3
CHy13 S1278b MAT a ura3-52 his3D::hisg
leu2D::hisg natNT2::GPD-IME4
CHy14 S1278b MAT a ura3-52 his3D::hisg
leu2D::hisg MATa1::URA3
CHy15 S1278b MAT a/a ura3-52 his3D::hisg
leu2D::hisg IME41-URA3-IME42-Bam/
ime4D::HIS3
CHy16 S1278b MAT a/a ura3-52 his3D::hisg
leu2D::hisg KANMX6::GAL1p-IME4CEXPERIMENTAL PROCEDURES
Yeast Strains and Growth Conditions
All S. cerevisiae strains used in this study are S1278b ura3-52 his3D::
hisg leu2D::hisg isogenic derivatives (Table 2). Strains were grown in
rich media (YPD) with added antibiotics (G418 or CloNat) as needed
for selection or synthetic complete (SC) media lacking the correspond-
ing selective amino acids when required for selection. Sporulation me-
dia consisted of 1% potassium acetate. All liquid and solid media were
prepared according to standard protocols (Rose et al., 1990). Strain
constructions by gene replacement, mating and/or sporulation were
performed following standard protocols (Rose et al., 1990).
The agar-adhesion assay was performed as previously described
(Guo et al., 2000). Plate pictures were taken using a digital camera
and figures were prepared using Adobe Photoshop.
The BamHI mutation of the conserved a1/a2 binding site was ob-
tained by oligo-mediated PCR-mutagenesis of a 1 Kb fragment of
the IME4 locus containing the binding site subcloned into a pRS406
vector backbone using a previously described method (Chen et al.,
1997). The ime4D::HIS3 and gal80D::HIS3 alleles were constructed
as previously described (Sikorski and Hieter, 1989). The IME4-1-
URA3-IME4-2 gene duplication strain was constructed by insertion
of pRS406 containing a copy of IME4 devoid of downstream antisense
sequence but containing the start and stop of the sense IME4 tran-
script cloned into IME4-Bam strain. The a1::Myc9::TRP1 tagged
strains used in ChIP assays were constructed by insertion of the tag-
ging PCR product (courtesy of Dr. Richard Young’s laboratory through
Nancy Hannett) into 10480-5B, which was then crossed to 10480-5A
for the MAT a/a tagged control or to CHy3 and backcrossed to
CHy2 for the tagged IME4-Bam/IME4-Bam homozygous strain.
TheMAT a/a haploid strain was constructed by transforming aMAT
a haploid withMAT a1::URA3 that inserted into ura3-52 using an inte-
grating plasmid (gift from Jim Haber). The GAL1p-IME4 construct was
made as described previously (Goldstein and McCusker, 1999). The
GPPp-IME4 construct was made as described (Janke et al., 2004).
All strains were verified by Southern analyses and/or diagnostic PCR.
Mapping of 50 and 30 Ends of IME4 Sense and Antisense
Transcripts
Identification of the ends of the transcripts was performed using the In-
vitrogen GeneRacer kit following the suggested protocol. Formapping
of 50 and 30 ends of the sense transcript we used total RNA fromMAT a/
a diploids. For mapping the 50 and 30 ends of the antisense transcript,
we used total RNA from MAT a haploid cells. Total RNA was alkaline
phosphatase-treated and subsequently decapped. The GeneRacer
oligo was ligated to the full-length mRNA and then reverse transcribed
using the GeneRacer dT primer. 50 and 30 RACE PCR was performed
using theGeneRacer 50 and 30 primers, nested primers, and primers in-
ternal to the IME4 sense and antisense sequences to generate frag-
ments for cloning into TOPO pcr4 cloning vectors. Cloned products
were sent out for sequencing (Northwoods DNA, Inc.).
Northern Blot Analyses
Total RNA was prepared from late-log phase cultures (a condition we
found to enhance production of IME4 sense transcript in vegetative
growth) using Epicentre’s MasterPure yeast RNA isolation kit. As
both sense and antisense IME4 are not highly abundant transcripts,
we increased the signal-to-noise ratio by enriching the mRNA fraction
from total RNA using oligo (dT) columns and a previously described
method (Fraser, 1975). Of note, themethod used formRNA enrichment
does not completely remove ribosomal RNA (rRNA), as seen in the
rRNA bands shown in the northerns using ethidium bromide staining.
RNA samples were denatured with formaldehyde (Ambion formalde-
hyde loading buffer) and loaded onto formaldehyde denaturing aga-
rose gels (Ambion Denaturing Buffer). Gels were blotted onto positively
charged nitrocellulose membranes (Ambion BrightStar-Plus) and UV
crosslinked. Prehybridization and hybridization were performed usingell 127, 735–745, November 17, 2006 ª2006 Elsevier Inc. 743
the recommended protocols for AmbionUltraHYBhybridization buffer.
Template for dsDNA probes to detect both sense and antisense IME4
was a 500 bp PCR product (+300 to + 800 IME4 ORF) amplified from
genomic DNA. The template to make dsDNA probe for antisense
IME4 detection only was a 300 bp PCR product (350 to 50 IME4)
amplified from genomic DNA. Probes for strand-specific detection
(ssDNA) were 150 bp custom-made oligos (IDT DNA) complementary
to either sense or antisense transcripts. The location of these probes
relative to IME4ORF can be found in the Supplemental Data to this ar-
ticle. The template for TPI1 probing is a 500 bp PCR product of the
TPI1 ORF, and the template for IME2 probing is a 1 Kb PCR product
of the IME2 ORF. Probes were radioactively labeled using a32PdCTP
and Klenow-mediated incorporation for body-labeled dsDNA probes
or g32PATP and T4 kinase incorporation for strand-specific end-la-
beled ssDNA probes using the recommended protocols for the re-
spective enzymes (New England Biolabs). Blots were washed with
low stringency buffer (Ambion’s Low Stringency Wash Buffer), fol-
lowed by high-stringency buffers (Ambion’s High Stringency Wash
Buffer) for dsDNA probes or with low stringency buffers only for ssDNA
probes following the manufacturer’s directions. Northern blots for
IME4 or IME2 detection were exposed to phosphorimager screens
for 24–48 hr and scanned in a Typhoon Phosphorimager Scanner
(GE Biosciences). Northern blots for detection of TPI1 detection
were exposed for 4–6 hr prior to scanning. Images obtained were
saved as TIF files, and figures were composed in Adobe Photoshop.
ChIP
ChIP was performed as previously described (Ng et al., 2002) using
magnetic beads (Dynabeads Pan Mouse IgG, Dynal Biotech), and
the 9E11 anti-c-myc monoclonal antibody. Data analyses were done
as previously described (Hongay et al., 2002).
Quantitative PCR Analyses
Real-time PCR analysis was conducted using primers designed using
Applied Biosystem’s software PrimerExpress for IME4 sense or anti-
sense transcripts targeted to their corresponding 30 ends. Total RNA
was treated with DNAse I to effectively remove traces of genomic
DNA and reverse transcribed using poly (dT) 16 oligos and Applied Bi-
osystems’ AmpliGold Superscript reverse-transcription kit. The re-
verse-transcription method employed is biased towards enriching for
the 30 ends of the transcripts, thus providing specificity for sense ver-
sus antisense detection when using oligos targeted to the 30 ends.
PCR reactions were set up using Applied Biosystems’ SYBR green
2X MasterMix, and amplification was performed using a 7500 ABI
Real-Time PCRmachine. Data analyseswere performed using Applied
Biosystems’ RT-PCR data analysis software.
Supplemental Data
Supplemental Data include ten figures and can be found with this
article online at http://www.cell.com/cgi/content/full/127/4/735/DC1/.
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